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We observe for the first time two-photon excited condensation of exciton-polaritons. The 
angle-resolved photoluminescence (PL) from the Lower Polariton (LP) ground state in our planar 
GaAs-based microcavity structure exhibits a clear intensity threshold as a function of increased 
Two-Photon Excitation (TPE) power, coinciding with an interaction-induced blueshift and a 
narrowing of spectral linewidth, characteristic of the transition from a thermal distribution of lower 
polaritons to the polariton condensation. Two-Photon Absorption (TPA) is evidenced in the 
quadratic dependence of the input-output curves below and above the threshold region, and Second 
Harmonic Generation (SHG) is ruled out by scanning the pump energy and observing 
independence of the LP emission peak energy. Our results pave the way for a polariton-based 
stimulated THz radiation source, stemming from the dipole-allowed transition from the Quantum 
Well (QW) 2p “dark” exciton state to the 1s-exciton-based LP ground state, as theoretically 
predicted in [A. V. Kavokin et al., Phys. Rev. Lett. 108, 197401 (2012)].  
In recent years, the search for reliable and efficient terahertz (THz) radiation sources for 
numerous applications in communications, biosensing, security, material science, ultrafast 
computing and others has attracted considerable interest in the scientific community [1,2,3,4]. 
However, to date, the number and efficiency of available sources is limited, as the low rate of 
spontaneous emission of THz photons, roughly of the order of up to tens of inverse milliseconds, 
is much slower than the lifetimes of the involved carriers, typically only fractions of a nanosecond 
long [5,6]. Numerous technologies have been employed to try to overcome this fundamental gap, 
yet so far none of the currently available sources of coherent THz radiation has succeeded in doing 
so without suffering from considerable drawbacks. Generating THz radiation based on nonlinear-
optical frequency downconversion and optical mixing techniques are well-established methods 
[7,8,9,10], however they are inherently bulky and expensive. Another prominent direction is using 
quantum cascade lasers (QCLs) [11,12]; however, these are short-living and expensive, require a 
complicated design and still exhibit low quantum efficiency.  
Recently, it has been proposed that orders of magnitude amplification of the THz emission 
rate can be realized in a strongly-coupled system of exciton-polaritons in the polariton lasing 
regime, utilizing the physical effect of bosonic final state stimulation [13]. These part-light part-
matter quasiparticles have been extensively researched in the last few decades, partly because they 
allow for the observation of Bose-Einstein condensation (BEC) in semiconductors [14,15,16], 
even up to room temperature [17], and as they realize a new generation of (inversionless) bosonic 
lasers [18,19,20]. In the latest proposal [21], it was predicted that a vertical cavity surface emitting 
THz laser can be realized in principle in a semiconductor microcavity, by two-photon pumping the 
optically "dark" 2p exciton state in the cavity-embedded Quantum Well (QW), such that a 
subsequent intraband THz transition to the 1s-exciton-based “bright” Lower Polariton (LP) ground 
state becomes stimulated when feeding a condensate of LPs. In an attempt to realize this scheme 
experimentally [22],  a spectrally broad (twice the vacuum Rabi splitting) femtosecond-pulsed 
laser was used, tuned to  approximately half the energy between the LP ground state and the 2p 
exciton in a planar microcavity structure with three cavity-embedded QWs. However, although 
two-photon injection of LPs in the thermal regime was indeed observed, the condensation 
threshold density of LPs was never reached in that work, as the peak power of the used pump pulse 
was too low. Another work [23] instead used a narrowband nanosecond-pulsed laser tuned in and 
out of resonance with half the 2p exciton and 1s exciton-based polariton energies in a GaAs-based 
planar microcavity, yet no strong Two-Photon Absorption (TPA) signal from the 2p exciton energy 
was seen, instead a strong Second Harmonic Generation (SHG) signal from the sample was 
observed and characterized. It was later shown [24] that the Two-Photon Excitation (TPE) scheme 
suggested for this type of experiment can in fact also lead to direct injection of 1s "bright" excitons 
due to state mixing for an incident pump beam of finite in-plane momentum, however the strength 
of this mixing relative to the constraint imposed by optical selection rules around 𝑘∥ = 0 and for 
typical photonic wavevectors, remains unclear. 
Here we report the first experimental observation of TPE of an exciton-polariton 
condensate. We demonstrate this in a planar GaAs-based microcavity, by pumping at energies near 
half that of the LP ground state with a pump pulse spectral width covering the 2p "dark" exciton 
resonance energy. In this scheme [Fig. 1], and given a ~30° angle of incidence for the horizontally-
polarized pump relative to the sample growth direction, a mixture of both optically "dark" 2p 
excitons and 1s exciton-based LPs can in principle be two-photon injected into the system, with 
the predicted intraband THz photon emission as well as other scattering mechanisms involving 
phonon-polariton and phonon-exciton interactions, and exciton-exciton and polariton-polariton 
interactions, leading to the eventual macroscopic occupation of the LP ground state and a clear 
signature of Polariton Condensation (PC) in angle-resolved photoluminescence (PL) 
measurements.  
It is important to clarify at this point, that by optically "dark" 2p excitons, we do not refer 
here to the 𝐽 = 2 exciton states formed by electrons of spin ±
1
2
 and heavy-holes of spin ±
3
2
 in the 
lowest subband states of the QWs. Rather, we are referring to the same 𝐽 = 1 exciton states formed 
by electrons of spin ∓
1
2
  and heavy-holes of spin ±
3
2
 in the lowest subband states of the QWs as 
the "bright" excitons forming the polaritons, yet with a different excitonic wavefunction, i.e. of a 
different parity. These 2p exciton states are dipole-forbidden from directly (one-photon) coupling 
to optical photons at low momenta due to violation of the total angular momentum conservation 
rule [25,26]. However, for the same reason, contrary to the parity-forbidden inter-polariton 
transition mechanism suggested in [13], their intraband THz radiative decay to the 1s-exciton-
FIG. 1. Schematic of the in-plane polariton 
dispersion relation at zero cavity-exciton 
detuning, showing the calculated 𝐿𝑃 and 
𝑈𝑃 branches [solid lines], as well as the 2p 
exciton ൫𝑋2𝑝൯, 1s exciton ሺ𝑋1𝑠ሻ [dashed 
lines], and cavity photon mode (𝐶) [dash-
dotted line] dispersions. The pump energy, 
𝐸𝑃𝑢𝑚𝑝 [light-green] is approx. half that of 
the LP and 2p exciton states, covering both 
resonances, as discussed in the text; The LP 
PL [red] and possible intraband THz [light-
blue] photon emissions are depicted as 
well, along with other possible phonon-
polariton and polariton-polariton scattering 
mechanisms on the LP branch [small black 
arrows]. Photon energies are not drawn to 
scale, as indicated by the double-diagonal 
lines on the arrows. 
based polariton state is in fact optically allowed [27]. We can further exclude excitation of light-
hole (LH) exciton states in our sample as these lie ~35 meV higher than the heavy-hole (HH) 
exciton states, which is greater than both the vacuum Rabi splitting between the LP and Upper 
Polariton (UP) resonances, and the intraband 2p-1s exciton energy separation in our sample, as 
well as the spectral region covered by our pump laser. 
Our sample consists of a 𝜆/2 AlAs intracavity layer embedded between two Distributed 
Bragg Reflector (DBR) structures of Al0.2Ga0.8As/AlAs, where the upper (lower) DBR structure 
consists of 23 (27) alternating layers of Al0.2Ga0.8As and AlAs, giving a cavity Q-factor of ~5000. 
Three stacks of four 7 nm GaAs QWs with 4 nm AlAs barriers are placed at the three antinode 
positions of the confined microcavity mode, and the resulting normal-mode splitting with the QW 
1s HH exciton state is measured to be ~13.6 meV, with a clear anti-crossing of their reflectivity 
dips observed as cavity-exciton detuning tends to zero. The LP and UP resonances at Strong 
Coupling (SC) are found to be at ~1605.9 meV and ~1619.5 meV, respectively. Furthermore, PC 
is evidenced in our sample for nonresonant one-photon pulsed excitation for different 1s HH 
exciton-cavity detuning energies. Figures and further details on the sample characterization can be 
found in a previous publication [28]. 
In our experimental setup, the sample was held in a helium-flow cryostat at ~6 K. For our 
TPE spectroscopy experiment, the output of an Optical-Parametric Amplifier (OPA) pumped by a 
regenerative-amplifier Ti:Sapph femtosecond-pulsed laser with a repetition rate of 1 KHz at 1550 
meV was used, and was tuned close to half the resonance energy of the LP ground state and the 
QW 2p HH exciton state in our sample – at roughly ETPE ≅ 799 meV, with a FWHM of ca. 
ΔETPE ≅ 26.5 meV. An automated variable neutral density filter was used to controllably 
attenuate the excitation pump beam, and a premium longpass filter was used to suppress any 
possible residual higher harmonics from the OPA. The pump was then focused to an elliptically 
shaped spot of area ~53000 𝜇𝑚2 onto the sample, at an angle of ~30° from normal incidence. In 
our experiment, the measurements were taken for several energy detunings between the cavity 
mode and the QW 1s HH exciton, separated by more than the pump spot-limited detuning 
resolution of ~2 meV. 
The PL from the sample was collected under normal incidence from the central area of the 
pump spot using an infinity-corrected microscope objective with a numerical aperture NA = 0.42, 
and in order to investigate the far-field emission, the Fourier plane was imaged onto the entrance 
slit of a spectrometer using a set of relaying optics, and detected with a thermoelectric-cooled 
Electron-Multiplying CCD camera. Fig. 2 shows our results for the far-field angle-resolved PL 
measurements at zero cavity-exciton detuning and for different TPE peak intensities, on which the 
FIG. 2. Angle-resolved PL at zero cavity-exciton detuning, measured at 6K for different TPE peak 
intensities. The PL in each panel is normalized to 1 and plotted in a linear color scale, with the color code 
indicated on the right-hand side. The lines give the calculated LP and UP (white solid), cavity photon 
mode C (green dashed-dotted), and 1s (𝑋1𝑠) and 2p (𝑋2𝑝) exciton (red dashed) in-plane dispersions, 
respectively. (a) Below threshold, the emission is broadly distributed in momentum and energy owing to 
thermally-distributed LPs. (b) Near the PC threshold, the emission is from both sub-threshold thermally-
distributed LPs and above-threshold blueshifted condensed polaritons around 𝑘∥ = 0 within a small 
emission angle range of ±3°, due to the particle density changing throughout the TPE pulse. (c) Above 
threshold, the emission is exclusively from blueshifted condensed polaritons; The horizontal axes in each 
panel display in-plane momentum 𝑘∥ 
calculated in-plane dispersion relations shown in Fig. 1 have been superimposed. For a TPE peak 
intensity below the PC threshold, only emission from the LP branch is observed, as it is exclusively 
populated at low temperatures [Fig. 2 (a)]. At an increased TPE peak intensity of ~31.5  GW/cm2, 
a transition appears from the thermally-populated, quadratic LP branch to a flat and narrow 
blueshifted state [Fig. 2 (b)], with both emissions simultaneously observed in the time-integrated 
image of Fig. 2 (b) due to the polariton density changing throughout the TPE pulse, as has already 
been recognized and established for a one-photon excitation scheme in [29], in which this same 
transition has been associated with the buildup of a PC following the observations of previous 
work [30,31]. Upon increasing the TPE power further above this threshold, the emission occurs 
exclusively from the now further-blueshifted PC state [Fig. 2 (c)].  
To further analyze the dispersion curves [Fig. 2] and confirm the transition to a PC, we 
have extracted the evolution of several characteristics of the PL as a function of increasing TPE 
peak intensities. Fig. 3 (a) shows the momentum-integrated PL intensity as a function of the TPE 
peak intensity, where only low in-plane momenta emission (|𝑘∥| ≤ 0.3 𝜇𝑚
−1) has been 
considered. Below the PC threshold, in the thermal regime, the integrated PL intensity increases 
quadratically with the TPE peak intensity [see Fig. 4 (a)], until it abruptly exhibits a strongly 
nonlinear increase at the threshold. The threshold TPE peak intensity at which this abrupt change 
occurs (~32.3 GW/cm2), approximately coincides with the TPE peak intensity for which we 
observed the dispersion curve discontinuous blueshift transition of Fig. 2 (b). Tracking the 
dependence of the PL peak energy on the TPE peak intensity, we observe a similar behavior at 
roughly the same threshold, as shown in Fig. 3 (b). In the thermal regime, the emission peak energy 
is nearly constant at the LP ground state energy of ~1605.9 meV. At the TPE PC threshold, this 
emission peak jumps abruptly by ~5 meV to an already-blueshifted PC, and as already mentioned 
[29,31], this discontinuous behavior is a result of the time-integrated measurements averaging over 
the temporal evolution of the LP emission pulse blueshift. Even though some of the emission 
below threshold occurs from blueshifted polaritons, the emission from the quadratic LP branch 
still dominates at this stage, and only above the threshold TPE peak intensity, the blueshifted 
condensate emission prevails. Since at this stage the density of condensed polaritons is already 
quite high, we observe this large jump. The hollow data points above threshold in Fig. 3 (a)-(b) as 
well as the inset and arrows visually clarify this point. Following this jump, a further, continuous 
FIG. 3. Dependence of different PL emission 
characteristics on the TPE peak intensity (in 
GW/cm2, logscale). (a) the Integrated PL 
intensity (a.b.u, logscale) of the cavity emission 
with in-plane momenta |𝑘∥| ≤ 0.3 𝜇𝑚
−1. The 
approx. quadratic dependence (diagonal black 
dashed line) below threshold becomes strongly 
nonlinear at the PC threshold. (b) the PL peak 
energy (in meV) within the same in-plane 
momentum window. A strong jump to the 
blueshifted state is observed at threshold, 
followed by a further continuous blueshift due 
to self-interactions of increasing particle 
densities [32,33]. (c) the PL spectral linewidth 
(FWHM, in meV). A clear spectral narrowing at 
the PC threshold indicates the increase of 
coherence, and the broadening at larger TPE 
peak intensities is attributed to density 
fluctuations & polariton-polariton interactions 
[34]; The vertical dashed line across all panels 
indicates the TPE PC threshold; The inset and 
red arrows differentiate visually between the 
filled (hollow) data points in panels (a)-(b), 
which represent the mode with stronger 
(weaker) intensity in the time-integrated images 
of the type presented in Fig. 2; The 
discontinuous jump in panel (b) is attributed to 
the pulsed nature of the TPE scheme, as 
explained in the text. 
blueshift of the condensate emission peak with increasing TPE peak intensities above the PC 
threshold is observed, owing to the enhanced self-interactions of an increasing particle density 
[32,33]. This blueshift of the emission peak energy constitutes an important indicator for the 
presence of a self-interacting PC, and its total value as compared to the sub-threshold LP ground 
state energy is ~10 meV. Examining the evolution of the spectral linewidth of the emission as a 
function of increasing TPE peak intensities [Fig. 3 (c)], we first observe a gradual increase of the 
FWHM at lower TPE peak intensities, followed by a sharp narrowing at the PC threshold, down 
to about two thirds of the value at the thermal regime. This spectral narrowing corresponds to the 
increased coherence of the condensed state. Starting from a little over twice the TPE threshold 
peak intensity, the observed linewidth starts increasing continuously due to density fluctuations 
and polariton-polariton interactions [34], in good agreement with observations from previous work 
[29].  
Expanding our analysis to further confirm the observation of PC in the sample under the 
aforementioned conditions, we have performed the same measurement also at a different, slightly 
more positive energy detuning of Δ ≈ 5 meV between the 1s HH exciton and cavity photon mode, 
and indeed the same characteristic behaviors analyzed in Fig. 3 are observed. Both detunings in 
question lie within the previously determined range for the phase transition to a PC in a GaAs-
based microcavity [35].  
To confirm the two-photon nature of the excitation process in both detunings, Fig. 4 (a) 
shows the logscaled input-output curves, i.e. the integrated PL intensity of the cavity emission as 
a function of the TPE peak intensity for both cases, with power-law fits below and above each 
threshold region also presented (diagonal dashed lines in the figure), with fitted values for the 
slopes being 2.18 ± 0.05 and 2.21 ± 0.08 below threshold, for zero detuning and +5meV 
detuning respectively, and 1.89 ± 0.12 and 1.99 ± 0.08 above threshold for the same, all showing 
good agreement with a power-of-two input-output dependence. The observed threshold behavior 
rules out SHG as the reason for the quadratic behavior. Furthermore, we tune the OPA central 
wavelength so as to essentially scan the TPE energy of the pump spot incident on the sample, and 
thereafter record the resulting PL peak energy from sub-threshold LPs at a slightly negative cavity-
exciton detuning of Δ ≈ −5.3 meV (also within the range determined in [35]). In this way, had the 
collected emission been that of a pump-induced SHG signal emanating from within the sample, 
the peak energy of this emission should have shifted spectrally along with the change in pump 
energy. As Fig. 4 (b) clearly shows, an approximately flat dependence of the LP emission peak 
energy on the TPE pump energy is observed, effectively ruling out SHG as a cause for the observed 
power-of-two dependence. In Fig. 4 (a), there is a clear difference between the TPE PC thresholds 
FIG. 4. TPE PC for two cavity-exciton detunings and characterization of the TPE process. (a) 
Integrated PL intensity (logscale, a.b.u) as a function of the TPE peak intensity (logscale, in GW/cm2) for 
two different detunings of 𝛥 ≈ 0 𝑚𝑒𝑉 (red line and squares) and 𝛥 ≈ +5 𝑚𝑒𝑉 (blue line and squares). 
The dashed vertical colored lines mark the respective TPE PC threshold in each case, and the dashed 
diagonal colored lines are power-law fits to 𝑦 = 𝑎 ∙ 𝑥𝑏, where the values of 𝑏 are 2.18 ± 0.05 and 2.21 ±
0.08 below threshold, for 𝛥 ≈ 0 𝑚𝑒𝑉 and 𝛥 ≈ +5 𝑚𝑒𝑉 respectively, and 1.89 ± 0.12 and 1.99 ± 0.08 
above threshold for the same, all in good agreement with a power-of-two input-output dependence, as 
expected for a TPA process. (b) LP emission peak energy (in meV) as a function of the scanned TPE pump 
energy (in meV), at a given cavity-exciton detuning of 𝛥 ≈ −5.3 𝑚𝑒𝑉. Blue circles are recorded data and 
red line is a linear fit to the data, of slope ~2 ∙ 10−4, such that effectively no change in the LP emission 
peak energy is observed when scanning the incident pump energy across a wide two-photon spectral range. 
of the two different detunings, with the more exciton-like LP branch in the positively detuned case 
(blue plot) exhibiting a larger PC threshold than the LP branch at SC (red plot), providing further 
evidence for an interaction-based and effective-mass dependent PC mechanism, where in this case 
at the temperature of 𝑇 ≈ 6𝐾 and specifically in our TPE scheme, the latter appears to be the more 
dominant limiting factor. We further stress the significance of the comparatively high pump peak 
intensities and low pulse repetition rate [36] required for reaching PC in our TPE scheme. The 
combination of ultrashort injection of large densities of 2p “dark” excitons and 1s exciton-based 
LPs at finite in-plane momenta, followed by a long recovery time (~1 ms) until the arrival of a 
consecutive TPE pulse, is what we believe allows for the different relaxation mechanisms, 
including possibly the intraband THz transition, to successfully establish PC in our sample. 
In conclusion, we observe a two-photon excited condensation of semiconductor 
microcavity exciton-polaritons. The energy- and angle- resolved photoluminescence from the LP 
ground state in our planar GaAs-based microcavity exhibits a clear, detuning-dependent intensity 
threshold with increasing TPE peak intensities, at which the onset of a strong nonlinearity in the 
input-output curve, a discontinuous jump followed by a continuous interaction-induced blueshift 
of the central emission peak, and a sharp spectral narrowing of this peak corresponding to an 
increased coherence, are all simultaneously observed, as expected for a transition to a PC [35]. 
The TPE scheme of our experiment is verified in the quadratic dependence of the logscaled input-
output curves below and above the condensation threshold region for two different detunings, and 
SHG from the pump is ruled out by both the threshold behavior and independence of the LP 
emission peak energy on the scanned two-photon pump energy. Our results constitute a possible 
first step in the direction of a polariton-based stimulated THz radiation source as theoretically 
predicted in [21].  
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C., Höfling, S., & Hayat, A. (2019). Ultrafast Manipulation of a Strongly Coupled Light–Matter 
System by a Giant ac Stark Effect. ACS Photonics, 6(12), 3076-3081. 
 
[29[ Tempel, J. S., Veit, F., Aßmann, M., Kreilkamp, L. E., Rahimi-Iman, A., Löffler, A., Höfling, 
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